We study the current-driven perpendicular magnetization switching in Ta/CoFeB(wedge)/[TaO x or MgO/TaO x ] devices with a lateral structural asymmetry introduced by a varying CoFeB thickness. In these devices, an in-plane current can generate a field-like torque and its corresponding effective magnetic field (H FL z ) is out-of-plane, which can deterministically switch perpendicular magnetization at zero magnetic field. Experimental results indicate that the method used for breaking lateral structural symmetry greatly affects the resulting field-like torque, and that the gradient of perpendicular anisotropy, resulting from the CoFeB thickness variation, is not by itself sufficient to give rise to the current-induced H FL z . Analysis of the oxidation gradient at the CoFeB/TaO x interface indicates that the oxidation gradient may play a more important role than the gradient of magnetic anisotropy for the generation of H FL z . For practical applications, the demonstration of perpendicular magnetization switching in Ta/CoFeB(wedge)/MgO/TaO x devices potentially allows for using MgO-based magnetic tunnel junctions for readout in three-terminal memory devices without the need for external magnetic fields. V C 2014 AIP Publishing LLC. It has been recently demonstrated that an in-plane current passing in a heavy metal/ferromagnetic layer/insulator film structure is able to generate spin-orbit torques (SOTs) on the magnetization of the ferromagnetic layer, 1-9 which can be used to switch perpendicular magnetization with low writing energy.
It has been recently demonstrated that an in-plane current passing in a heavy metal/ferromagnetic layer/insulator film structure is able to generate spin-orbit torques (SOTs) on the magnetization of the ferromagnetic layer, [1] [2] [3] [4] [5] [6] [7] [8] [9] which can be used to switch perpendicular magnetization with low writing energy. [10] [11] [12] These SOTs are usually attributed to the Rashba effect and the spin Hall effect. 1, 2 Based on the SOTdriven magnetization switching, a three-terminal device with a perpendicular magnetic tunnel junction (MTJ) for reading via the tunneling magnetoresistance (TMR) effect has been demonstrated. 10 In such devices, in addition to low current densities required for writing, 13 the current does not have to pass through the tunnel barrier, thereby improving the device lifetime. For perpendicular magnetic films, however, an inplane external magnetic field, collinear with the current flow, is normally required to determine the switching direction in this configuration. [1] [2] [3] 7 This can be explained based on symmetry arguments 14 as well as analysis of the current-induced torques. 3, 15 The need for this external field was recently shown to be eliminated by introducing a field-like SOT, 14 by artificially breaking the lateral structural symmetry of the device using a wedged TaO x layer in Ta/CoFeB/TaO x structures. 14 The equivalent effective magnetic field (H FL z ) of this field-like SOT is perpendicular to the film plane, which facilitates deterministic perpendicular magnetization switching in the absence of external fields. In principle, a three-terminal device can be constructed using this field-like SOT for memory applications; however, this material system is limited by the fact that TaO x does not offer a high TMR ratio for readout. In addition, the effect of the material chosen for the dielectric layer, as well as the method used for lateral symmetry breaking, on the resulting SOTs are important questions both for device design and to gain a deeper understanding of SOT mechanisms in such structures.
In this report, we experimentally demonstrate that the H FL z can also be induced by breaking the lateral structural symmetry via wedging the CoFeB layer in both Ta/CoFeB/ TaO x (TaO x -based) and Ta/CoFeB/MgO/TaO x (MgO-based) structures. Since MgO is a common MTJ barrier material, offering high TMR, this may allow for using MgO-based SOT-switched MTJs for memory with TMR readout. Additionally, the results provide further insights into the origin of the current-induced SOTs in such asymmetric structures.
Material As the anisotropy energy can be expressed as 13, 16 it is expected that H k decreases when the CoFeB layer thickness increases. Here, M s is the CoFeB layer saturation magnetization and K i is the interfacial anisotropy. However, H k is observed to increase with thickness for t CoFeB < 0.8 nm for both samples. This is similar to behaviors observed in previous works, [17] [18] [19] [20] where it has been attributed to the change of CoFeB/oxide interface (i.e., the K i ) caused by Ta diffusion. 19 Figures 2(a) and 2(b) show the EHE measurements at 610 mA currents for two typical TaO x -based devices A and B. These two devices are in the dH k /dy > 0 and dH k /dy < 0 regions of the CoFeB wedge, respectively, as shown in Fig.  1 (a) in dashed circles. The EHE loops are shifted to the left (right) by positive (negative) currents for device A. For device B, the current-induced shift reverses its direction for each current direction compared to device A. The results are qualitatively similar to our previous results in a Ta/CoFeB/ TaO x (wedge) structure, 14 where the shift was shown to be due to the generation of a current-induced effective magnetic field H FL z in the out-of-plane direction, induced by the lateral structural symmetry breaking due to the wedged TaO x . The present results indicate that an H FL z field is also produced by breaking the lateral structural symmetry through wedging the CoFeB layer. Furthermore, the current-induced H (Fig. 3(b) ), b is positive for thinner CoFeB layers. It decreases with thickness and changes sign for thicker CoFeB layers, corresponding to the opposite current-induced shift direction for devices A and B as shown in Figs. 2(a) and 2(b) . For MgO-based devices (Fig. 3(d) ), the value of b also decreases with the thickness of the CoFeB layer. However, we do not observe any change of the sign of b at the thick end of the CoFeB layer wedge.
The values of dH k /dy are also plotted in Figs. 3(b) and 3(d) for comparison. As expected from Figs. 1(a) and 1(b) , dH k /dy is positive for devices with thinner CoFeB layer and changes to negative for devices with thicker CoFeB layer. As discussed previously, 14 the value of b correlates with dH k /dy, which reflects the lateral structural symmetrybreaking in the device. However, unlike the case where the asymmetry is induced by a lateral oxidation gradient, 14 in the present case of varying CoFeB thickness, the sign and magnitude of b do not follow dH k /dy proportionally for either TaO x -or MgO-based devices. This is more obvious for MgO-based devices (see Fig. 3(d) ), for which the b values approach zero for devices with negative dH k /dy values. This suggests that, while lateral symmetry breaking is required to achieve deterministic perpendicular switching of magnetization, the anisotropy gradient alone is not a sufficient condition for generating the current-induced perpendicular H FL z . These results also suggest that a possible explanation for H FL z based on the anisotropy gradient alone, in conjunction with conventional SOTs, is not sufficient to account for the present observations.
In our previous work, 14 it was hypothesized that the current-induced H FL z may be a consequence of the lateral oxidation gradient at the CoFeB/TaO x interface, which can induce Rashba-like spin-orbit coupling with the effective electric field pointing along the wedging direction. In the present samples, despite the uniform TaO x and MgO layers deposited on the CoFeB layer, the CoFeB/oxide layer interface may still be affected by the CoFeB layer thickness, as suggested by the non-monotonic H k dependence on CoFeB layer thickness seen in Figs. 1(a) and 1(b). As discussed above, the H k increases with thickness for t CoFeB < 0.8 nm, which may be indicative of changes to the CoFeB/oxide interface for very thin CoFeB films.
We further investigated the CoFeB/TaO x interface as a function of CoFeB layer thickness by using X-ray photoemission spectroscopy (XPS) for the TaO x -based samples. The XPS measurements were performed with an AXIS Ultra DLD using a monochromatic Al Ka X-ray source. The Ta/CoFeB(wedge)/TaO x film (1 cm 5 cm) was first cut into five pieces (1 cm 1 cm) along the changing direction of CoFeB layer thickness, so that the CoFeB thickness monotonically decreased from sample #1 to #5. increases by about 5% from sample #1 to #5 while the thickness of Co 20 B 60 B 20 reduces. Hence, the XPS experimental results indicate that the thickness of CoFeB layer influences the oxidation level at the CoFeB/oxide layer interface. This change of oxidation is qualitatively similar to that previously observed in Ta/CoFeB/TaO x (wedge) samples 14 (where a nonuniform oxide layer is created by oxidizing a wedgeshape Ta layer deposited on a uniform CoFeB film) and is likely related to the origin of the field-like torque.
We next discuss possible explanations for the discrepancy between the thickness dependence of b and dH k /dy values. In the present samples with a wedged CoFeB layer, the change of PMA is induced by the change of the CoFeB layer thickness and the K i variation caused by the change of the CoFeB/oxide interface. In the dH k /dy > 0 region of the CoFeB wedge, the K i variation dominates the anisotropy change, while in the dH k /dy < 0 region of the wedge it is expected that the thickness variation dominates the change of anisotropy. Hence for thicker CoFeB films, the anisotropy decrease is not due to a change at the CoFeB/oxide interface, but mainly because of the increase of the thickness of the CoFeB layer. Since the b values approach zero when the CoFeB thickness is increased for the MgO-based samples, it is suggested that the anisotropy gradient which originates in the change of CoFeB thickness alone cannot contribute to the generation of H FL z . By contrast, in our previous work, 14 the CoFeB thickness remains unchanged, while H k changes mainly because of varying oxidation levels at the CoFeB/ TaO x interface, resulting in the H k variation faithfully reflecting the change of oxidation state at CoFeB/TaO x interface. In the present samples with a wedged CoFeB, the H k changes due to variations from both CoFeB thickness and CoFeB/Oxide interface. This may explain why the b values do not follow the values of dH k /dy in this work, especially at thicker CoFeB film thickness, where the H k variation mechanism is different from previous experiments. Figure 5 shows the current-driven perpendicular magnetization switching in the absence of the external magnetic field for MgO-based devices. The positive current favors M z > 0 due to the positive b value. For larger b values, a smaller current is needed to switch the magnetization. The critical current density (J c ) for different devices is shown in the inset in Fig. 5 . The J c increases with the thickness of the CoFeB layer because b decreases and the PMA increases, which makes the switching more difficult. By using a uniform MgO film as the capping layer, this potentially facilitates using MTJs with high TMR for readout.
In summary, we demonstrate the current-driven perpendicular magnetization switching in Ta/CoFeB(wedge)/[TaO x or MgO/TaO x ] structures. By breaking the lateral structural symmetry via a wedged CoFeB layer, a current-induced perpendicular field H FL z is generated and can be used to deterministically switch the perpendicular magnetization at zero magnetic field. The experimental results suggested that the lateral structural symmetry breaking induced by oxidation change at the interface may be important for generating the H FL z . An anisotropy gradient alone, such as that induced by a thickness variation in the magnetic film rather than the interface oxidation change, is not sufficient to give rise to this type of SOT. The demonstration of switching in the MgObased samples potentially allows for using MgO-based MTJs with high TMR for data readout. 
